In a study aiming to assess bacterial evolution in complex growth media, we evaluated the long-term adaptive response of Escherichia coli MC1000 in Luria-Bertani (LB) medium. Seven parallel populations were founded and followed over 150 days in sequential batch cultures under three different oxygen conditions (defined environments), and 19 evolved forms were isolated. The emergence of forms with enhanced fitness was evident in competition experiments of all evolved forms versus the ancestral strain. The evolved forms were then subjected to phenotypic and genomic analyses relative to the ancestor. Profound changes were found in their phenotypes as well as whole-genome sequences. Interestingly, considerable heterogeneity was found at the intrapopulational level. However, consistently occurring parallel adaptive responses were found across all populations. The evolved forms all contained a mutation in galR, a repressor of the galactose operon. Concomitantly, the new forms revealed enhanced growth on galactose as well as galactose-containing disaccharides. This response was likely driven by the LB medium.
I
n natural habitats, bacteria are exposed to highly dynamic and complex conditions. In contrast, in artificial environments, such as those found in fermentation systems, this dynamism is often more controlled. However, variations (in space or time) of carbon and energy resources can incite dynamism or heterogeneity, even in such artificial systems.
The complex growth media used in large-scale industrial fermentations may constitute typical examples of such heterogeneous and dynamic environments. Such growth media usually contain inexpensive complex carbon and nitrogen sources that allow good performance (1, 2, 3, 4, 5) . Besides the complexity of growth media, other parameters, such as mixing efficiency and perturbation, are also understood to allow variability of local substrate concentrations, pH, temperature, and oxygen levels (6) . Such fluctuations may incite dynamism in the perception by the bacteria of their local environment, potentially leading to differential behavior and diversification of the organism that is being grown.
In previous work, locally divergent conditions were suggested to constitute a negative factor for process yields, as bacterial growth and effectiveness were found to be lower in heterogeneous than in homogeneous systems (7) . However, in such studies the ability of the bacteria to adapt to environmental conditions (even when they are complex) has been disregarded. Thus, a better understanding of the adaptive response and the mechanistic causes of adaptation and diversification in complex media will contribute to an improvement of our capacities to direct population behavior. This may ultimately improve our abilities to avoid or overcome loss of effectiveness in fermentations.
The fundamental processes involved in the adaptation of bacteria to their environment have been traditionally studied using experimental evolution setups (8) , as such experiments allow assessment of the dynamics of adaptation by natural selection within populations. Thus, the growth of a bacterial strain in a defined medium can be maintained for hundreds or thousands of generations. Adaptation can be assessed, since the fitness of evolved forms can be compared, at any time, to that of the ancestral strain (9) . Experimental evolution has thus enabled the study of the adaptation of bacteria to the conditions posed by structured versus unstructured habitats (10, 11, 12, 13) . The majority of the experiments have used simple limiting/selective conditions (limiting substrates), and only a few studies have included more complex conditions (14) , for instance, growth under fluctuations in temperature (15) , pH (16) , or with combined limited resources (17) . As we currently ignore how bacteria may adapt to prolonged growth in complex media, there is a need for studies that address this question (18) , which is of major importance to address the effects of the putative coexistence of differentially evolved forms.
Traditionally, fitness of evolved forms has been taken as the average value of a pool of randomly selected evolved forms in competitions separately against their ancestor. However, the variations among these values have often been disregarded. If such variance were considerable, this might indicate the occurrence of heterogeneous responses to the conditions imposed on the evolved populations. This might especially occur in an environment in which the complexity of resources could give space for the occupation of several niches (19) . Given the elusive nature of current data on evolution in complex media, this study aims to assess the adaptation of an Escherichia coli strain to growth conditions offered by a complex medium in a long-term sequential batch culture setup. We used Luria-Bertani (LB) medium, in which a multiplicity of energy/carbon sources was present. We thus simulated both spatial and temporal dynamic conditions by including daily propagation into fresh medium and allowing differential oxygen availabilities, including low-oxygen (static oxygen) conditions. The use of LB medium may place limits on the study of physiological characteristics (20) ; however, we sought to deter-mine if in this complex setup observable fitness diversification would occur at the level of treatment, as well as between or within populations. We thus assessed the evolved forms-versus the ancestor strain-both phenotypically and genetically. The findings point to the occurrence of both common and divergent responses. Substantial evidence was obtained for the occurrence of a major selective genetic event likely having major consequences for the fitness of all evolved forms.
MATERIALS AND METHODS
Bacterial strain and growth medium. Escherichia coli K-12 strain MC1000 (21) is a facultatively anaerobic organism that was used in this study as the ancestral strain. This strain contains several auxotrophies, being genetically characterized as araD139 ⌬(araA-leu)7697 ⌬(codBLacI) galE15 galU strA. Colonies of this strain on LB agar (after 19 h of incubation at 37°C) are morphologically regular, with smooth surfaces and with sizes of approximately 1.5 mm. We used the complex growth medium LB, which consisted of tryptone (10 g/liter), yeast extract (5 g/ liter), and NaCl (5 g/liter). Tryptone and yeast extract are both derived from complex sources and have been commonly used as ingredients of fermentation media (2) . Tryptone is an enzymatic digest of casein and is rich in tryptophan, large and small peptides, and amino acids. Yeast extract is derived from baker's/brewer's yeast by autolysis at ϳ50°C. It has a rich content of amino acids, peptides, water-soluble vitamins, growth factors, trace elements, and diverse carbohydrates. A major carbohydrate of LB medium is the disaccharide trehalose (2, 22) .
The long-term evolution experiment. Seven populations derived from one overnight culture of E. coli K-12 strain MC1000 were propagated under three different oxygen conditions. For this, 0.6-ml aliquots of the washed overnight cultures were introduced into a suite of (i) replicate 100-ml Erlenmeyer flasks containing 60 ml of sterile LB medium (final optical density at 600 nm [OD 600 ], 0.5 Ϯ 0.1) and (ii) 60-ml screw-cap bottles containing 60 ml of sterile LB medium. Two populations (populations 1 and 2) were grown in Erlenmeyer flasks under shaking conditions (200 rpm, oxygen rich; treatment A), three populations (3, 4, and 5) were grown under a cycling environment (oxygen rich, shaking [200 rpm]) in Erlenmeyer flasks, then oxygen-poor static growth in screw-cap bottles, and then returned to shaking (200 rpm) (treatment B); and two populations (6 and 7) were grown in static flasks (oxygen poor; treatment C). All treatment groups were incubated at 37°C during 24 h. Each day, after 24 h (Ϯ30 min) of growth in each environment, propagation of the then-stationary-phase cells was performed by applying a 100-fold dilution into fresh medium (final concentration of ϳ1 ϫ 10 7 CFU/ml). In this way, populations went through exponential and stationary phases differentially by treatment, reaching a maximal density of ϳ1 ϫ 10 9 CFU/ml and yielding approximately 7 generations per day. After 150 days, a total of ϳ1,000 generations were obtained. Flasks that had been kept under static conditions were mixed before each subsequent transfer, so that the sample would be representative for the diversity in this spatially structured environment. In order to confirm identity and possible visible genomic changes, genomic profiles (based on BOX-A1R-based repetitive extragenic palindromic-PCR [BOX-PCR] and enterobacterial repetitive intergenic consensus-PCR [ERIC-PCR]) were determined every 10 days on several randomly picked clones of each population (23, 24) . Throughout all analyses, colony and cell morphologies were also analyzed visually and using microscopy, respectively, supported or not by Gram staining.
Samples taken after every ϳ70 generations were kept in glycerol at Ϫ80°C as backups in the event of a laboratory mishap. After ϳ1,000 generations (over 150 days, excluding mishaps), tubes containing each population (containing the so-called evolved forms) were placed in 20% glycerol at Ϫ80°C for further analyses.
Relative/correlated fitness responses and analysis of culture heterogeneity. The fitness of the evolved forms was measured by competition of each selected form against the ancestor in a crossed experiment. To achieve this, selectable markers were introduced by selecting spontaneous rifampin-resistant (Rp r ) mutants of the ancestor as well as each of the evolved forms on 30 g/ml of rifampin (Rp). Such mutants were then streaked to purity and analyzed by measuring their fitness against the unmutated isogenic form. Only equally fit forms were used in subsequent experiments. Thus, the competitiveness of each of the (marked and unmarked) evolved forms was tested against the (unmarked and marked) ancestor (25, 26) . These marker-crossed experiments thus served to assess the level of fitness change versus the ancestor as a presumed result of adaptive evolution.
In detail, prior to the competition experiment, each strain was grown separately in an overnight culture under the condition (environment) for which competition would take place (acclimation phase) (15) . After acclimation, the competitors were mixed in 1:1 ratios and placed in the competition environment (competition phase). Each experiment was replicated 6-fold. Over time, samples were taken and plated in duplicate onto LB agar with or without Rp supplementation to estimate the population size of each competitor. After overnight incubation of the plates, the mean numbers of colonies on the Rp-containing plates were subtracted from those on plates without rifampin. Both data sets were then used to obtain estimates of the numbers of both competitors (27) .
Malthusian parameters (m) for each competitor were calculated as follows: m ϭ ln[(density at end of competition)/(density at time zero of competition)] (12). Relative fitness values were obtained for the evolved forms in competition with the ancestral strain under the specific environment. The relative fitness, W, of an evolved form (E) relative to the ancestor (A) was calculated as the ratio of both Malthusian parameters (12) : W ϭ mE/mA. The evolved forms from treatment B were competed, including daily transfers from shaking to static conditions, for 3 days. This way, competitors were exposed to both transitions of this treatment. Acclimation took place under aerobic conditions (25) .
Correlated fitness analysis (growth in alternative environments) was performed in order to examine the specificity of adaptation with respect to each treatment (presence of specialists or generalists). Thus, following the method described above, clones from each experimental line were subjected to the other two experimental treatments in competition with the ancestor (10, 16, 17) .
Phenotypic diversity. The metabolic potentials of each selected evolved form as well as the ancestor were analyzed in duplicate on the 95 substrates of GN2 plates (Biolog Inc., Hayward, CA). The absorbance values at 600 nm were measured using a microplate reader (VersaMax microplate reader; Molecular Devices Corp.). For each strain, cells were pulled into phosphate-buffered saline (PBS; pH 6.5), and the suspension was set at an OD 600 of 0.04. Then, 100 l was transferred to each well of the GN2 plates, including one blank. The plates were incubated at 37°C and read after 24, 48, and 72 h. Average absorbance values were used for cluster analysis after scoring, as follows: 0, no catabolism; 1, catabolism (weak responses included). The cutoff point between 0 and 1 was an OD of 0.2 (28) .
Specific results were independently confirmed in test tubes with M9 minimal medium (1ϫ M9 salts, 2 mM MgSO 4 , 0.1 mM CaCl 2 , 0.01% yeast extract) supplemented or not with 0.4% of specific carbon sources. Bacterial growth was followed during 24 h, and OD 600 values were recorded. Moreover, time zero and late-exponential-phase samples were plated on LB agar for CFU counting.
We included cell length as a phenotypic property to observe diversification. Cells of each treatment, next to the ancestor, were taken directly from the endpoint populations (60 cells per population) and observed under a microscope (Axiostar Plus HBO 50Ac; Zeiss). Cell length was further calculated by using AxionVision software v.4.8 2.0 (Carl Zeiss MicroImaging GmBH).
Comparative genome sequencing and screening for genetic diversity. The endpoint populations of each evolved strain, next to the ancestor, were streaked onto LB agar plates. The selected colonies were used to found cultures for DNA isolation using the Gnome DNA isolation kit (MP Biomedical). Following extraction, the genomic DNA was fragmented using a Bioruptor (Diagenode) for 10 cycles of 30 s on/30 s off. Then, they were converted into paired-end Illumina sequencing libraries by using the NEBNext Quick DNA sample prep master mix set 2 (NEB, Ipswich, MA), according to the manufacturer's protocol. Multiplex adaptors (MA; multiplexing sample preparation oligonucleotide kit; Illumina, San Diego, CA) were used in the adaptor ligation. Library enrichment was carried out in two amplification steps using primers and indices described earlier (29) . Genome libraries with individual indices were pooled, to contain 10 or 11 genomes per pool, and sequenced, with one lane per pool. Sequencing was performed by 107 cycles on a HiSeq2000 instrument (Illumina), yielding an average of Ͼ20 million reads of, on average, 91 bases each (subtracting the index).
To identify all mutations in the evolved strains versus the ancestor, we used Breseq v.014 (30) . This is a computational pipeline for the analysis of short-read sequencing data. Thus, we used the sequenced and annotated GenBank file of the genome of E. coli K-12 MG1655 (GenBank U00096.2 [31] ) as a reference and mapped all high-quality reads of the sequenced genomes. The quality of the reads was determined using Biopieces (http: //www.biopieces.org) and BWA (32) . Mutations were confirmed by identification of single-nucleotide polymorphisms (SNPs) and deletion-insertion polymorphisms (DIPs) by using SAMtools (33) . Differences found in our ancestral strain from the reference E. coli K-12 MG1655 genome were considered the "genetic property" of our ancestor. In this manner, unique differences between the evolved and ancestor strains could be visualized. After obtaining the positions and descriptions of all mutations, the putative functions of the gene hits were assessed using DAVID v.6.7 (functional annotation tool) at default settings (34, 35) . The resulting function terms were further grouped by similarities to determine the enrichment (geometric mean of all modified Fisher's exact test P values) of biological processes. High enrichment scores were taken into account, but genes with a low enrichment score (Ͻ1.3) were also analyzed, as recommended by the developer.
RESULTS AND DISCUSSION
Adaptation of evolved forms. After 150 days of daily propagation under three different oxygen conditions, we obtained cultures of evolved E. coli MC1000 that had undergone approximately 1,000 generations. The three different environments used involved cultures growing in flasks with LB medium under constant shaking conditions (treatment A, oxygen rich), cycling between shaking and static growth (treatment B, cyclic oxygen rich and oxygen poor), and static growth (treatment C, oxygen poor).
The final populations at day 150 were diluted and plated on LB agar in order to produce single colonies representing evolved forms. Colony polymorphism was clearly observed across all evolved populations. At this point, forms were classified as (i) small colonies ("a" type), with diameters of Ͻ1 mm, (ii) large/ rough/irregular colonies ("b" type), with diameters of Ͼ1 mm, and (iii) large/smooth/regular colonies ("c" type), with diameters of Ͼ1 mm. Treatments A and B showed colony types a, b, and c in all populations. In contrast, treatment C showed only types b and c colonies. A total of 19 colonies were selected across all populations. These were subjected to all subsequent analyses of phenotype and genotype. Throughout the experiment, genomic fingerprinting analysis did confirm the identity of all colonies as E. coli MC1000, as evidenced from their characteristic patterns, i.e., similar to the ancestor (data not shown).
To assess the overall fitness of each of the evolved forms, we evaluated their fitness by competing them against the ancestor. These marker-crossed experiments revealed consistencies in the fitness results between the use of marked and unmarked evolved forms, as there were no significant differences between any set of results (P Ͼ 0.05). Also, marked and unmarked ancestors did not show any significantly different fitness response when competed against each other. Thus, the marker-crossed experiments allowed us to assess any fitness changes in each of the evolved forms versus the ancestor.
The ancestral E. coli MC1000 strain grew and survived well in both the oxygen-rich and oxygen-limited LB cultures. However, it was outcompeted by all endpoint evolved forms in all environments (significant at P Ͻ 0.05) ( Table 1 ). The forms that had evolved under treatments A and C revealed large fitness increases in these environments compared to the ancestor, whereas the forms from treatment B showed smaller increases. The raised fitness values observed in the more stable environments suggested that such noncycling conditions may have given better niche space or time for fitness-enhancing changes to be fixed. Competition of evolved forms with the ancestor in the alternative environments (correlated fitness) was considered to reveal the specificity of adaptation for either the medium or oxygen conditions. The results showed that populations from both treatments A and C grown in the two alternative environments revealed relatively lower fitness increases than those in their own environment (P Ͻ 0.05) ( Table 1 ). This suggested the occurrence of possible trade-offs in these forms, decreasing their relative competitiveness enhancement in the alternative environments and increasing it under their "own" conditions. On the other hand, the treatment B forms outcompeted the ancestor under static conditions in a stronger manner than in their own environment, showing no significant difference when grown under shaking conditions (P Ͻ 0.05) ( Table 1) . This suggested the presence of more generalist forms.
To observe the fitness potential of the total endpoint populations versus the ancestor (and a possible existence of interactions), samples of each endpoint population (all clones together) were competed 1:1 against the ancestor under their "own" conditions. Results showed the fitness increase values to be similar to the averaged values of the individually competed forms for treatments A and C (P Ͼ 0.05) (data not shown). A striking difference was observed in the populations of treatment B, which revealed average fitness increases of 18% compared to the average fitness of the individual clones. This increase suggested that genotype-genotype interactions (e.g., yielding cross-feeding) may have played a role (19) . Adaptive changes in the forms evolving under treatment B might have resulted in the emergence of generalists that are able to cope with the oxygen-rich or oxygen-limited conditions and/or the transitions between these two conditions. When living together, the presence of forms that are fit under one of the conditions might diminish the impact of the change to conditions of another form (which may thus be coselected) (36) . This contention was consistent with the positive response of forms from treatment B to the correlated fitness analysis.
Heterogeneity of fitness values within and between populations. A closer observation of the relative fitness values of the evolved forms highlighted a remarkable fitness diversity between replicate populations as well as within populations. The former comparison (Table 1) indicated that the average fitness gains versus the ancestor were different between the replicate populations of treatments A and C (P Ͻ 0.05; standard error of the mean [SEM] Ͼ 0.03), whereas they were similar for those of treatment B (P ϭ 0.06). This indicated that, in each replicate population of treatments A and C, forms may have coemerged that evolved along a different path, modulating their cellular machineries in response to the environment in different ways. For treatment B, a more coherent evolutionary path may have been followed. We then assessed the within-population variations in the fitness gains in treatment groups A through C. Nested analysis of variance (ANOVA) revealed a wide dispersion of values in all populations of treatment groups A and C (PASW-SPSS, 18.0.3; P Ͻ 0.05), with variance values of 0.0081 and 0.0039, respectively. In contrast, clones from treatment B showed more similar relative fitness values between each other (variance, 0.0008).
Phenotypic characteristics confirmed diversification and also paralleled adaptive responses. The cell sizes of the evolved forms versus the ancestor were determined using cell length (in m) as a proxy. In comparison to the ancestral strain, the evolved forms from treatment groups A and B showed increased cell lengths, whereas those of treatment C revealed decreased cell lengths (P Ͻ 0.01). Specifically, the ancestor cells had an average length of 1.48 m (Ϯ0.182), whereas those of treatments A and B had lengths of 1.82 m (Ϯ0.251) and 1.66 m (Ϯ0.349), respectively. In contrast, cells of treatment group C showed about 18% decreased cell lengths relative to the ancestor (1.22 Ϯ 0.189 m).
We surmised that the increased cell sizes observed in treatment groups A and B might be attributable to the oxygen-rich conditions used. Possibly, the harvested evolved forms had become phenotypically well adapted to the utilization of the complex substrates of LB under oxic conditions, resulting in larger cells (37) . Considering treatment C, reduction of cell lengths of the evolved forms might be related to processes under these conditions, in which S -controlled gene products may generate changes in the cell envelope and overall morphology (38) .
For all evolved forms, the Biolog phenotypic arrays revealed weak responses to most substrates after 24 h. After 48 h, avid consumption of most of the utilizable substrates became evident, whereas after 72 h the data were confirmed. Replicate assessments were consistent, with, on average, less than a 6.3% difference between these. Expectedly, the ancestor strain metabolized 44.2% of the substrates, which was consistent with previous work with E. coli K-12 (39) . The evolved forms of treatment group A metabolized, on average, 63.5%, and those of treatment groups B and C metabolized 54.7% and 56.3% of the substrates, respectively. Multidimensional scaling (MDS) was performed to observe similarities among the responses of the evolved forms and compare them to the responses of the ancestor (Fig. 1a) . All evolved forms clustered consistently per treatment (except for 2a, i.e., from population 2 of treatment A) and away from the ancestor (stress, 0.08). Interestingly, the responses of forms from treatments B and C resembled each other. These two treatments shared the oxygen limitation condition, suggesting that comparable metabolic pathways could have been affected in the evolved forms.
Then, a matrix with a total of 24 informative substrates (those that had shown differential responses of evolved forms relative to the ancestor) was then constructed (Fig. 1b) . Using this matrix, both differential responses (even within populations) and consistent ones (even across all treatments) were noted. The finding of common responses in evolved forms across all treatments (mostly metabolic upshifts) was striking. A closer examination using the level of KEGG networks revealed that there was consistency in the metabolism of carbohydrates. In particular, several early (at 24 h) upshifts were related to the galactose metabolic pathway. With shunting into this pathway, disaccharides with a galactose moiety, such as ␣-D-lactose, D-meliobiose, and lactulose, can be quickly consumed. This metabolic upshift was exactly what we found. Moreover, a consistent upshift in L-arabinose utilization (which provides an entrance to the pentose phosphate pathway) was also observed.
Thus, a consistent adaptive response might have been triggered by a factor common to all treatments, most likely (and particularly the sugar components of) the LB medium used. Considering this fact, we decided to assess the growth of the evolved forms and the ancestor in M9 minimal medium by using the disaccharides found as potential selective factors (Biolog phenotypic array data) as sole carbon sources (D-lactose, D-melibiose, and D-galactose). We also used L-arabinose and D-trehalose to confirm positive metabolism of the evolved forms. All results were positive; in other words, all populations inoculated at 10 3 CFU/ml reached concentrations of 10 7 CFU/ml in late exponential phase (after 9 h), whereas the ancestor was not able to grow (except in D-trehalose, where it reached 10 6 CFU/ml after 9 h). LB medium is known to contain little glucose, which disappears after 2 h of growth of E. coli (1) . However, it offers several sugars (next to alcohols and organic acids), i.e., trehalose, arabinose, lactose, and maltose, in significant levels (22) . In fact, the level of the major sugar component of LB medium (trehalose) has been reported to be as high as 17% (1, 22, 40) . Trehalose (with an ␣,␣-1,1-glucoside bond between two ␣-glucose units) may thus offer the major entrance to the glycolytic pathway for organisms growing in LB medium. Moreover, alternative pathways, such as the galactose and pentose phosphate pathways, may serve as sources of intermediates (41, 42) . Our findings suggested an association of the consistent metabolic upshifts in the evolved forms with the selection of metabolic strategies converging to glycolysis.
Additionally, these metabolic tests revealed that forms even from within the same population may have different metabolic profiles. For example, when population 2 (from treatment A) was grown in D-galactose, a remarkable difference in the response of form 2a compared to the other forms could be easily observed. Compared to forms 2b and 2c, form 2a showed delayed metabolism of D-galactose, reaching only 1.0 ϫ 10 5 CFU/ml after 9 h (see Fig. S1 in the supplemental material). From the differential matrix (Fig. 1b) , we also observed that the "a" form types from populations 1, 2, and 3 (1a, 2a, and 3a) were metabolically unique com- pared to the other two types in the same populations. Some heterogeneous responses were seen for substrates belonging to related pathways, e.g., the alanine, aspartate, and glutamate metabolic pathway (L-aspartic acid, L-glutamic acid, and glycyl L-glutamic acid) and pathways for several related carboxylic acids.
Genomic changes and natures of affected genes. Analyses of the BOX-PCR and ERIC-PCR profiles of all evolved forms did not show any differences from those of the ancestor. To detect genomic differences, we then performed Illumina-based sequencing of genomic DNA from each of the selected evolved forms (totaling 20 genomes, including the ancestor). Overall, the SNP analysis methods SAMtools and Breseq revealed the same mutations per evolved form. Assuming all synonymous mutations to be neutral and all nonsynonymous mutations to be deleterious, neutral, or advantageous, we calculated the ratio of the number of nonsynonymous substitutions (dN) to that of synonymous substitutions (dS) (using only coding regions). A dN/dS ratio of Ͼ1 implies that the changes incurred are positive and related to adaptation (43) . The dN/dS ratios for treatments A and C were 2.5 and for treatment C it was 2, thus indicating that the changes found were, overall, beneficial for adaptation. Compared to other experimental evolution studies, in which whole-genome sequencing has been applied, the numbers of nonsynonymous mutations were rather high (18) . However, the former data were based on studies in defined media, and this is the first report in which differences in medium complexity (combined with variations in oxygen availability) were included. Interestingly, a total of 55 nonsynonymous mutations occurred in parallel in all evolved forms in all treatment groups (Fig. 2a) . In addition, 23 mutations consistently occurred in intergenic (presumably noncoding) regions (see Table S1 in the supplemental material). Parallel mutations found in independent evolving lines have been reported in longterm experiments (30, 44, 45, 46, 47) . These types of parallel changes have been characterized as beneficial targets of selection.
Bioinformatics-based results (using DAVID v.6.7) suggested that the major functional genes (functional groups) that had been consistently affected were genes involved in carbohydrate metabolism (20% of the total). Another 16% of affected genes were related to membrane processes, and 14% were related to processes involving metal binding (based on KEGG and Gene Ontology analysis [DAVID v.6.7]) (Fig. 2b) . Some other important functional groups were also consistently affected, among which transcriptional regulator genes (i.e., galR, cytR, dnaA, and ravA). Consistency in changes of genes related to carbohydrate metabolism correlated well with the improved (and also consistent) responses to carbohydrates of the Biolog plates. Our ancestral strain was unable to utilize galactose, presumably because its genotype has a mutation in one of the gal operon genes (galE15) that results in a change of an amino acid (Ser to Phe). GalE catalyzes a hydride transfer in the interconversion of UDP-galactose and UDP-glucose as part of galactose catabolism. Interestingly, we found a consistent point mutation in our evolved forms that reverted this mutation to the original state of E. coli K-12, able to consume galactose as sole carbon source (48) . Moreover, a galR point mutation located in nucleotide 2975171 of the genome (C¡T), changing the codon TCT to TTT, was consistently observed. As a result, a polar amino acid (serine) was replaced with a nonpolar one (phenylalanine). GalR is the major repressor of the gal operon (galETKM). ⌬galR mutants have been found to incite induction of the gal operon (3-fold higher expression than the wild type) in the presence of galactose (42, 49) . The consistent galR mutation and the consistent metabolic upshift observed in the Biolog results provide ammunition for the hypothesis that these are the basis of the consistently enhanced fitness in all evolved forms. Apparently, E. coli MC1000 cells evolving in LB medium that have undergone a switch to derepression of the galactose operon are amenable to selection by the force exerted by disaccharides that are present in the medium.
Similarly, mutations were found in genes involved in metal binding. LB is a medium that contains very small amounts of divalent cations (Mg 2ϩ and Ca 2ϩ ) (50) . Given the importance of acquisition of sufficient metals by organisms evolving in LB medium, this would clearly agree with the presumed importance of fitness-enhancing changes in genes involved in metal binding. Moreover, the changes found in membrane-related genes might also relate to this hypothesis, as well as to the idea that cells may have evolved to facilitate the uptake of carbon/energy sources through their membranes.
Moreover, a suite of nonconsistent (not occurring in all forms) mutations was found in a nonrandom fashion (Fig. 3) . The highest numbers of mutations (intragenic and intergenic) were found in treatments A and C, with an average 52 and 47 mutations (P Ͼ 0.05), respectively. In contrast, treatment B showed a lower average number (10) of mutations (treatment A versus B, P Ͻ 0.01; treatment A versus C, P Ͼ 0.05; treatment B versus C, P Ͼ 0.05, two-tailed t test). The numbers of mutations were found to correlate well with the levels of fitness increase. First, evolved forms from treatment B showed the lowest fitness improvements and the lowest numbers of genetic changes. Second, in evolved forms of treatment groups A and C, the numbers of nonconsistent mutations were high, whereas the raised dN/dS ratios indicated that the numbers of positively selected mutations were higher, which in an overall fashion would lead to their higher fitness.
To observe genomic diversification at the population level, the numbers of mutations were compared between replicate populations. No significant differences were found in the average numbers of mutations between replicate populations of treatment groups A and B. However, the difference between the two populations of treatment C, i.e., 69 mutations, was remarkable. The environmental heterogeneity, providing a spatial structure for treatment C, may have led to higher diversification (51) . Another finding was that unique mutations (not found in other forms of the same treatment group or other treatment groups [see Table S2 in the supplemental material) were observed. Forms 1a, 2a, and 7c revealed high numbers of unique mutations, i.e., 55, 56, and 21, respectively.
Functional annotation analysis of nonconsistent mutations. Results of the functional annotation analysis for all nonconsistent mutations (Fig. 4) showed similarities between treatments as well as treatment group particularities. First, the evolved forms of treatments A and C shared several common mutations. Strikingly, the functional group with the largest number of genes affected with mutations was the group "membrane processes."
A second functional group with mutations common to these two treatments was that concerned with hydrolase and transferase proteins. Treatment A apparently incited consistent mutations in the ABC transporter genes thkH, ompA, mppA, ssuB, ssuC, ompF, macB, and rbsA across all clones. Some of these transporters are modulators of the passage of solutes like sugars, ions, and amino acids. Also, treatment A consistently showed mutations in regulatory genes involved in central metabolism (arcA and arcB). Mutations in these two-component regulatory system genes (under aerobic conditions) have been found to be responsible for upregulation of genes whose products are involved in the tricarboxylic deletions (nonconsistent among all treatment groups) found after sequencing using Illumina Hiseq2000 are shown. Intragenic and intergenic mutations are included. There was a significant difference in the number of mutations between treatments A and B (TA versus TB, P Ͻ 0.01). There was no significant difference when treatment C was compared to the other two treatments (TA versus TC, P Ͼ 0.05; TB versus TC, P Ͼ 0.05; two-tailed t tests).
acid cycle (52) . Treatment group B had the lowest number of mutated genes involved in transcription regulatory processes, but it showed consistency with respect to the gene rpoA. This gene encodes the ␣-subunit of RNA polymerase and was found to carry a single-base transition, leading to a substitution of Asn for His at position rpoA294. In general, an overall comparison of functional annotations between populations of the same treatment group indicated similarities in the functions affected by mutations. Only treatment group C showed less commonality between its two populations.
The unique mutations found in forms 1a, 2a, and 7c involved genes related to processes such as oxidation-reduction (trxC, aidB, and narZ), carbohydrate metabolism (aldA, leuA, fucO, and tktA), polysaccharide biosynthesis (wzzE, rfc, ispA, rfaG, mppA, and plsC), flagellar transcriptional activation, and DNA binding processes. Phenotypically, these forms appear to have different metabolic profiles compared to their coevolved partners, and these mutations and their epistatic effects may cause these particularities.
An analysis of the extent to which individual genetic variation contributes to changes in phenotype is difficult, due to possible epistatic interactions (53) . Conrad et al. in 2009 suggested that an analysis of important regulatory regions needs to be performed, and the impact of changes in such regions has to be evaluated by mutations of wild types (54) . Further work will analyze such effects in our evolved forms.
Conclusion: the adaptive response to LB medium is related to selection for galactose derepression. In this study, we evaluated the adaptation of E. coli MC1000 following evolution for ϳ1,000 generations along parallel evolutionary paths in a complex environment defined by medium (LB) and oxygen condition. Moreover, we described, in an integrative way, the effect of environment, i.e., the presence or absence of oxygen and shifts therein of the growth medium, on adaptation during prolonged growth of the organism. Substantial mutational and metabolic differences could be distinguished in the endpoint evolved forms, even within populations. The number of potential niches offered by the medium was likely large enough to allow such diversification. This is in contrast with previous studies performed in simpler (defined) growth media, as these studies found a lack of diversification (55, 56) . Populations that have evolved under temporal environmental variations have less space to diversify than those that have evolved in structured environments. However, possible early fixation of changes might have occurred, leading to the establishment of generalists with possible interactive strategies and an ability to handle both oxygen conditions. Collectively, the above phenotypic and genomic data indicate that all evolved forms modulated their metabolism toward the utilization of particular carbohydrates. A major consistent metabolic upshift occurred in the galactose utilization pathway, resulting in the enhanced utilization of particular disaccharides that feed into this pathway. It is plausible that this enhanced metabolism ultimately results in enhanced metabolic flux (shunting into glycolysis and the Krebs cycle); in other words the amount of substrate used per unit of time is increased in all evolved forms.
Previous studies of genomic changes in independent E. coli populations grown under different conditions already identified several consistent adaptive mutations in regulatory genes (57, 58) . The positive reversion of the galE mutation and the mutation in the galR repressor might be involved in the fitness increase of our evolved forms as a key strategy to obtain carbon and energy. Clearly, unique mutations can be responsible for the variability among the populations, possibly being proxies for genetic drift.
The parallel adaptive responses suggested that, even though environment drove adaptation, the medium played the key role in the adaptive response. Thus, E. coli modulates its metabolism to cope with the scarcity of easily available carbon and energy sources like glucose in LB medium, and it can respond by activating alternative pathways converging to glycolysis. On the basis of our data, we have inferred that key adaptive responses to diverse nutritional sources, in this case, different types of small sugars, are major determinants of evolutionary adaptions, whereas further diversification may occur as a consequence of medium complexity.
